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The requirements for intercellular movement of Potato virus X (PVX) 12K, 8K, and coat proteins (CP) differed in two
Nicotiana spp. Plasmids containing the green fluorescent protein (GFP) gene fused to PVX 12K, 8K, or CP genes were
bombarded to tobacco leaves. Protein movement was observed in N. benthamiana but not N. tabacum leaves. GFP:12K and
GFP:8K moved cell-to-cell in 25K-expressing transgenic N. tabacum source but not sink leaves. In N. tabacum, GFP:12K and
GFP:8K intercellular movement depends on the 25K and leaf developmental stage. Leaves were bombarded using two
biolistic delivery methods and the results were similar indicating that movement of GFP:12K or GFP:8K is independent of the
delivery system. Mutations in 12K, 8K, and CP genes within the PVX genome inhibited viral intercellular movement in both
Nicotiana spp. Thus plasmodesmata gating is not an essential function of these proteins for virus cell-to-cell movement.INTRODUCTION
Plant virus movement proteins function to promote
cell-to-cell trafficking of viral nucleic acids or virion par-
ticles. Movement proteins, similar to the Tobacco mosaic
virus (TMV) movement protein, induce plasmodesmata
gating, and then move through the pore carrying viral
nucleic acids between adjacent cells. Gating increases
plasmodesmata size exclusion limit for transport of large
molecules between cells (Derrick et al., 1992; Ding, 1998;
Fujiwara et al., 1993; Lucas and Gilbertson, 1994; Wolf et
al., 1989; Zambryski and Crawford, 2000). Plasmodes-
mata located between adjacent epidermal cells in a
tobacco leaf have a size exclusion limit that is typically
below 1 kDa (Robards and Lucas, 1990), but can be
gated (i.e. dilated) to allow passage of 10 kDa FITC-
conjugated dextrans (Ding, 1998; Lucas, 1995; Lucas and
Gilbertson, 1994).
The potexvirus movement proteins are derived from a
genetic module of three partially overlapping open read-
ing frames, termed the “triple gene block” (Morozov et al.,
1987; Beck et al., 1991; Verchot et al., 1998). The triple
gene block proteins of two potexviruses, Potato virus X
(PVX) and White clover mosaic virus (WClMV) have been
extensively studied and are named according to their
molecular masses. The PVX triple gene block proteins
each have molecular masses of 25 kDa, 12 kDa, and 8
kDa, and the WClMV triple gene block proteins are 26
1kDa, 13 kDa, and 7 kDa. In addition, the coat (CP) gene,
which lies near the 3 end of the potexviral genome, is
required for viral cell-to-cell movement (Chapman et al.,
1992; Forster et al., 1992).
The ability of the potexvirus triple gene block proteins
and CP to induce plasmodesmata gating, and/or move
from cell to cell in either Nicotiana benthamiana or Nico-
tiana tabacum leaves was studied. In N. benthamiana
leaves, the WClMV 26K increased plasmodesmata size
exclusion limits, and promoted cell-to-cell movement of
10 kDa dextrans (Lough et al., 1998). FITC-labeled,
WClMV 26K can also move between adjacent cells in N.
benthamiana leaves (Lough et al., 1998, 2000). The PVX
25K gene was fused to the green fluorescent protein
gene (GFP) and was observed to move between adja-
cent cells in N. tabacum leaves (Yang et al., 2000).
The potexvirus CP does not induce plasmodesmata
gating although it was reported to be associated with
plasmodesmata in virus infected N. benthamiana leaves
(Oparka et al., 1996). A model was proposed suggesting
that the WClMV 26K protein induces plasmodesmata
gating and then a complex containing CP, 26K, and viral
RNA are cotranslocated through plasmodesmata (Lough
et al., 1998).
The roles of the PVX 12K and 8K or WClMV 13K and 7K
proteins in viral cell-to-cell movement is not known.
There are reports suggesting that these proteins are
membrane targeted however we do not know if these
membrane interactions are important for viral cell-to-cell
movement (Solovyev et al., 2000; Skryabin et al., 1988). InThese proteins likely provide additional activities for virus
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leaves expressing WClMV 13K, 7K, or the combined
13K/7K genes, suggesting that these two proteins do not
induce plasmodesmata gating (Lough et al., 1998). In
another study, plasmids expressing either the PVX 12K or
8K genes were each cobombarded with plasmids ex-
pressing the GFP gene into N. benthamiana leaves, and
only PVX 12K promoted cell-to-cell movement of GFP in
trans (Tamai and Meshi, 2001).
The different abilities of the WClMV 13K and the PVX
12K proteins to induce plasmodesmata gating may re-
flect real differences between these viral proteins. On the
other hand, experiments using microinjection of dextrans
with viral proteins, or biolistic delivery of plasmids ex-
pressing movement proteins may produce slightly differ-
ent results. For example, the extent and frequency of
protein movement in studies using biolistic bombard-
ment or microinjection can be different (Zambryski and
Crawford, 2000; Crawford and Zambryski, 2000).
In this report, cell-to-cell movement of PVX 12K, 8K, or
CP was studied in N. benthamiana and N. tabacum
leaves. GFP was fused to the PVX 12K, 8K, or CP genes
and plasmids were biolistically delivered to N. benthami-
ana and N. tabacum leaves. The physiological status of
the leaves used in the study was monitored and the
results obtained in this study indicate that cell-to-cell
movement of these PVX proteins depends primarily on
the host and on the leaf developmental stage. Two dif-
ferent biolistic delivery methods were used to determine
if the requirements for cell-to-cell movement of PVX pro-
teins were dependent on the delivery method. Experi-
ments were also conducted to determine if other PVX
proteins could effect cell-to-cell movement of PVX 12K,
8K, or CP. Since we found that PVX protein movement
varies in different hosts, experiments were conducted to
determine if these proteins are equally required for viral
cell-to-cell movement in N. benthamiana and N. tabacum
plants.
RESULTS
PVX 12K, 8K, or CP move cell-to-cell in N.
benthamiana but not in N. tabacum leaves
To determine if PVX 12K, 8K, or CP traffic between
adjacent cells in N. benthamiana or N. tabacum leaves,
the GFP gene was fused to the 5 end of each of these
PVX genes and inserted into pRTL2 plasmids. The
GFP:CP fusion resembles the GFP:2A:CP fusion con-
tained in the pTXS.GFP-CP infectious clone, which we
obtained from Dr. Simon Santa Cruz (Horticulture Inter-
national, Wellesbourne, UK). In the pTXS.GFP-CP plas-
mid (and subsequently in the pRTL2-GFP:CP plasmid)
the 2A peptide of Foot and mouth disease virus was
inserted between the GFP and CP domains. The 2A
peptide provides partial proteolytic processing. Virus
containing GFP:2A:CP is viable and PVX particles are
coated with GFP (Santa Cruz et al., 1996).
The pRTL2-GFP:12K, -GFP:8K, and -GFP:CP plasmids
(Fig. 1A) were delivered to single tobacco leaf epidermal
cells using the PDS1000/He biolistic delivery system.
Plasmids containing only GFP (pRTL2-GFP) (Fig. 1A)
were also used to bombarded tobacco leaves and then
GFP expression was monitored at 1 and 3 days post
bombardment (dpb).
N. benthamiana source leaves, and N. tabacum
source or sink leaves were used. Leaves were identified
as source or sink using carboxyfluorescein (CF) dye. CF
dye was applied to the petiole of the most mature leaf
and was monitored using a UV lamp. CF dye moves
through the phloem in a source-to-sink direction, and
unloads in sink but not source leaves (data not shown)
(Oparka et al., 1994; Roberts et al., 1997). Then leaves
were taken from similar plants for biolistic bombardment
experiments.
GFP accumulated primarily in single epidermal cells in
N. benthamiana or N. tabacum leaves that were bom-
barded with pRTL2-GFP plasmids using the PDS1000/He
system (Tables 1 and 2) (Itaya et al., 1997; Yang et al.,
2000). On rare occasions GFP was detected in two ad-
jacent cells. Similar background levels were reported in
related studies, and might occur on occasions when
plasmids were delivered to neighboring cells (Itaya et al.,
1997; Yang et al., 2000).
GFP:12K, GFP:8K, or GFP:CP fusion proteins were de-
tected in multiple cell clusters in N. benthamiana source
FIG. 1. Schematic representation of four plasmids and the five trans-
genes present in the transgenic plants used in this study. (A) The
pRTL2-GFP, -GFP:12K, -GFP:8K, and -GFP:CP plasmids contain the
CaMV 35S promoter (black box) with dual enhancer (gray and white
shaded box) and a TEV translational enhancer (light gray box) at the 5
end and a CaMV 35S transcription terminator (black circle) at the 3
end. The hatched boxes represent GFP and the open boxes represent
each of the PVX genes. (B) Open boxes represent five PVX transgenes.
The 35S promoter and transcription terminator is fused to each of the
PVX open reading frames and is indicated as a black box and circle,
respectively.
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leaves at 1 dpb (Table 1). Between 30 and 39% of the
sites viewed were multiple cell clusters. GFP:12K and
GFP:8K were each detected in clusters of three to four
cells. GFP:CP was detected in clusters of five to seven
cells (Table 2). In N. tabacum source or sink leaves,
GFP:12K, GFP:8K, and GFP:CP were each detected pri-
marily in single cells at 1 dpb (indicated in Tables 1 and
2 as nontransgenic source or sink leaves) (Fig. 2). N.
tabacum leaves were also viewed at 3 dpb and there
was no evidence of protein movement beyond the initial
cell (data not shown). There were occasions when
GFP:8K was detected in N. tabacum source leaves in
clusters of three to four cells, but these occasions were
rare (Table 2).
We wanted to determine if the pattern of movement of
these PVX proteins was similar to that of a heterologous
viral movement protein. For this purpose we used the
plasmid pRTL2-MP3a:GFP, which encodes the Cucum-
ber mosaic virus (CMV) 3a movement protein gene fused
to the GFP gene. Cell-to-cell movement of CMV 3a has
been characterized previously in experiments using this
plasmid (Itaya et al., 1997; Itaya et al., 2000; Yang et al.,
2000). The pRTL2-MP3a:GFP plasmids were bombarded
to N. benthamiana and N. tabacum leaves. In N.
benthamiana source leaves, 31% of the sites viewed
were often clusters of five to seven epidermal cells
(Tables 1 and 2). In N. tabacum source leaves, approxi-
mately 15% of sites contained 3a:GFP in clusters that
ranged to seven cells (Tables 1 and 2). 3a:GFP move-
ment was considered to be extensive in N. tabacum
source leaves, because fluorescence was detected in
multiple cell clusters more often than in two adjacent
cells (Table 2). 3a:GFP was detected primarily in single
cells in N. tabacum sink leaves (Table 1). Thus, cell-to-
cell movement of 3a:GFP in N. tabacum leaves is af-
fected by the developmental stage of the leaf.
TABLE 1
Cell-to-Cell Movement of GFP, GFP:12K, GFP:8K, GFP:CP, and 3a:GFP in Nontransgenic and
Transgenic Tobacco Leaves Following PDS1000/He Plasmid Delivery
Plants
Proportion of sites containing GFP activity in multiple cellsa
pRTL2-GFP pRTL2-GFP:12K pRTL2-GFP:8K pRTL2-GFP:CP pRTL2-MP3a:GFP
N. benthamiana
Source 3.5% (8/230)a 39% (92/234)c 30% (84/277)b 37.5% (98/261)bc 31% (62/200)bc
N. tabacum
Nontransgenic
Source 5.7 (7/123)ab 5.5 (19/344)ab 7.1 (50/701)a 3.0 (6/203)b 15 (20/133)c
Sink 3.8 (9/237)ab 5.3 (17/319)a 7.0 (18/258)a 2.2 (22/1017)b 5.6 (5/90)a
TGB100
Source 2.5 (8/319)d 16.0 (33/206)b 26.1 (84/322)a 8.0 (16/199)c 9.6 (9/94)bc
Sink 2.1 (8/378)a 3.3 (3/91)a 5.4 (6/112)a 2.9 (3/105)a 3.3 (2/60)a
TGB200
Source 2.6 (8/310) NDb 2.3 (2/85) 3.7 (5/137) 14.2 (16/113)
Sink 2.2 (8/372) ND 2.6 (2/78) 0.0 (0/29) 4.3 (4/93)
TGB300
Source 2.5 (10/407) 6.7 (6/90) ND 0.0 (0/65) 14.7 (20/136)
Sink 0.4 (2/472) 2.9 (2/68) ND 2.5 (4/161) 2.5 (2/80)
TGB600
Source 2.1 (4/193) ND ND 5.4 (4/74) ND
Sink 1.3 (3/227) ND ND 0.0 (0/61) ND
CP
Source 3.4 (4/119) 2.2 (2/92) 2.2 (4/180) ND 16.5 (25/152)
Sink 1.7 (2/119) 1.5 (1/67) 2.0 (1/51) ND 5.1 (11/216)
a Percentages of fluorescent cell clusters observed 1 dpb in N. benthamiana and nontransgenic or transgenic N. tabacum leaves are indicated. “Cell
clusters” are defined as two or more adjacent cells. The total numbers of cell clusters relative to the total number of fluorescent sites are in
parentheses. The total sites indicated were obtained from two to six source leaves were bombarded with pRLT2-GFP:12K, -GFP:8K, -GFP:CP,
-MP3a:GFP, or -GFP plasmids. Multiple comparisons were performed for nontransgenic and TGB100 leaves only using PROC FREQ of SAS at P 
0.05. Nontransgenic source or sink leaves were compared, TGB100 source or sink leaves were compared. Similar letters indicate values within each
row that are not significantly different (P  0.05). In TGB100 sink leaves there were no significant differences between the values obtained for each
plasmid. Nontransgenic and TGB100 source leaves were compared for each plasmid, and values that were significantly different (P  0.05) were
indicated in bold. When comparing source and sink nontransgenic leaves, the values were not significantly different for each plasmid (P  0.05).
When comparing source and sink TGB100 leaves, only TGB100 source and sink leaves bombarded with pRTL2-GFP:12K or -GFP:8K plasmids were
significantly different (P  0.05). All other comparisons were not significant.
b ND, not determined.
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Statistical analyses were conducted to compare the
proportions of cell clusters containing GFP:12K, GFP:8K,
GFP:CP, or 3a:GFP in N. benthamiana leaves. The pro-
portions of sites containing GFP:12K, GFP:8K, GFP:CP, or
3a:GFP in multiple cell clusters were each significantly
greater than the proportion of sites that were cell clus-
ters containing GFP (P  0.05) (Table 1). Statistical dif-
ferences also occurred in N. benthamiana leaves be-
tween the proportions of sites containing GFP:12K, GFP:
8K, and GFP:CP (P  0.05). The proportions of cell
clusters containing GFP, GFP:12K, GFP:8K, and GFP:CP
in N. tabacum source or sink leaves were also compared
and were significantly different (P  0.05) (Table 1).
Differences obtained in statistical comparisons of GFP:
12K, GFP:8K, GFP:CP, or 3a:GFP in N. benthamiana or in
N. tabacum leaves might not reflect subtle differences in
the capacities of these proteins to move between adja-
cent cells. For example, values of 3.0% (GFP:CP), 5.5%
(GFP:12K), and 7% (GFP:8K) in N. tabacum source leaves,
might appear significantly different because of the large
population sizes. However, the values recorded for GFP,
GFP:12K, GFP:8K, and GFP:CP in N. tabacum leaves
indicate that accumulation of each of these proteins in
two adjacent cells is rare, and is not likely due to pro-
tein cell-to-cell movement. While GFP:12K, GFP:8K, and
GFP:CP could move from cell to cell in N. benthamiana
leaves, the same proteins were restricted primarily to
single cells in N. tabacum leaves.
Movement of GFP:12K, GFP:8K proteins
in 25K-expressing transgenic tobacco
Transgenic tobacco expressing various PVX genes
were used to determine if intercellular trafficking of GFP:
12K, GFP:8K, or GFP:CP in N. tabacum leaves, could be
mediated in trans by other PVX proteins. Five transgenic
N. tabacum lines, expressing the individual PVX 25K,
12K, 8K, or CP genes, or the combined 12K/8K genes,
were used (Fig. 1B). Transgenic tobacco line TGB100
expresses the PVX 25K gene, TGB200 expresses the PVX
12K gene, TGB300 expresses the PVX 8K gene, TGB600
expresses the combined 12K/8K genes, and CP ex-
presses the PVX CP gene (Fig. 1B). In a previous study,
TGB100, TGB200, TGB300, TGB600, and CP plants re-
stored intercellular movement to defective PVX viruses
that had mutations in each of the corresponding genes.
Therefore, the transgenically expressed proteins are
FIG. 2. Images taken 1 dpb from nontransgenic and TGB100 tobacco leaves bombarded with pRTL2-GFP, -GFP:12K, -GFP:8K, and -GFP:CP. Images
were taken of GFP, GFP:8K, and GFP:CP in nontransgenic leaves with a40 objective lens. All images were taken using a40 objective lens, except
for GFP:12K and GFP:8K in TGB100 leaves, which were taken using a 20 objective lens. The scale bars indicate 100 m.
TABLE 2
Total Number of Cells Per Cell Clusters in Nontransgenic and TGB100 Source Leaves Following PDS1000/He Plasmid Delivery
Plasmid
Number single, double, or multiple cellsa
N. tabacum
N. benthamiana Nontransgenic TGB100
S D M S D M S D M
pRTL2-GFP:12K
1 dpb 193 57 27 325 19 0 173 30 3
3 dpb ND ND ND 298 15 0 159 31 3
pRTL2-GFP:8K
1 dpb 142 64 28 651 46 4 238 64 20
3 dpb ND ND ND 508 41 2 234 61 19
pRTL2-GFP:CP
1 dpb 163 43 55 197 6 0 183 16 0
3 dpb ND ND ND 160 6 0 155 10 0
pRTL2-MP3a:GFP
1 dpb 138 40 22 113 5 15 85 6 3
3 dpb ND ND ND ND ND ND 57 4 0
pRTL2-GFP
1 dpb 222 6 2 116 7 0 311 8 0
3 dpb ND ND ND 106 4 0 283 7 0
a The total numbers of sites containing GFP expression at 1 and 3 dpb in single (S) double (D) or multiple cells (M) are indicated. The data presented
here was obtained from the same experiments presented in Table 1.
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functional for virus cell-to-cell trafficking (Spillane et al.,
1997; Verchot et al., 1998).
The 25K transgene promoted cell-to-cell movement of
GFP:12K or GFP:8K in source but not sink leaves (Tables
1 and 2; Fig. 2). In TGB100 source leaves, 16% and 26%
of the sites contained GFP:12K or GFP:8K, respectively, in
cell clusters that ranged from three or four cells (Tables
1 and 2). In TGB100 sink leaves, GFP:12K and GFP:8K
accumulated primarily in single cells (Tables 1 and 2).
These data suggest that cell-to-cell movement of GFP:
12K or GFP:8K depends on PVX 25K and on leaf devel-
opmental stage. In TGB100 source leaves, the percent-
age of sites containing GFP:CP increased from 3% to 8%
(Table 1). If the 25K transgene had any effect on GFP:CP
cell-to-cell movement it was not similar to the effect it
had on GFP:12K or GFP:8K. The values recorded for
GFP:CP in TGB100 source or sink leaves were low and
indicate that cell-to-cell movement of GFP:CP is rare
(Tables 1 and 2; Fig. 2).
The transgenically expressed 12K, 8K, or CP genes did
not promote GFP:12K, GFP:8K, or GFP:CP cell-to-cell
movement (Table 1). Leaves were also maintained until 3
dpb, and there was no evidence of protein movement
during the extended incubation period (data not shown).
In all transgenic leaves bombarded with pRTL2-GFP
plasmids, GFP was detected primarily in single epider-
mal cells (Table 1; Fig. 2). The transgenically expressed
PVX proteins did not promote GFP cell-to-cell movement.
The plasmid pRTL2-MP3a:GFP was bombarded to
transgenic tobacco leaves to determine if the transgenes
have general effects on viral protein movement. In
TGB200, TGB300, and CP source leaves, as in nontrans-
genic source leaves, 3a:GFP was detected in multiple
cell clusters in 14 to 17% of the sites observed at 1 dpb,
suggesting cell-to-cell movement of 3a:GFP was not ef-
fected by these transgenes (Table 1). On the other hand,
there were fewer cell clusters containing 3a:GFP in
TGB100 source leaves than in nontransgenic source
leaves (9.6% versus 15%) (Table 1). In TGB100 source
leaves, 3a:GFP was detected more often in two adjacent
cells than in clusters of three to seven cells (Table 2).
Reduced movement of 3a:GFP in TGB100 leaves may
occur because the CMV 3a and PVX 25K proteins func-
tion similarly in tobacco source leaves to gate plasmo-
desmata and move through the pore. Transgenically ex-
pressed PVX 25K may block CMV 3a from interacting
with cellular sites necessary to promote its own intercel-
lular trafficking.
Statistical analyses were conducted to compare the
proportions of cell clusters containing GFP, GFP:12K,
GFP:8K, GFP:CP, or 3a:GFP in TGB100 leaves (Table 1).
The proportions of sites containing GFP:12K, GFP:8K,
GFP:CP, and 3a:GFP in multiple cell clusters were sig-
nificantly different from the proportions of sites contain-
ing GFP (P  0.05). There were also significant differ-
ences between the proportions of sites containing GFP:
12K, GFP:8K, GFP:CP, and 3a:GFP (P  0.05). Statistical
comparisons between the nontransgenic and TGB100
source leaves bombarded with each plasmid were con-
ducted. For GFP:12K, GFP:8K, and GFP:CP the proportion
of sites viewed in TGB100 leaves was higher than in
nontransgenic leaves. In the case of GFP:CP the propor-
tion of cell clusters seen in TGB100 leaves was higher
than in nontransgenic leaves but was still quite low. If
GFP:CP moves cell-to-cell in TGB100 leaves, it is not a
frequent event. Statistical comparisons were not con-
ducted for TGB200, TGB300, TGB600, or CP leaves be-
cause there was no evidence of PVX protein cell-to-cell
movement in these leaves.
Biolistic delivery of pRTL2-GFP:12K and -GFP:8K
using the Helios Gene Gun
Nonspecific movement of GFP between cells was re-
ported in experiments using a hand held biolistic delivery
system (Crawford and Zambryski, 2000; Imlau et al.,
1999; Itaya et al., 2000; Oparka et al., 1999). Nonspecific
movement of GFP between cells is different from tar-
geted protein transport in that nonspecific protein move-
ment is passive diffusion of proteins through open plas-
modesmata pores. In contrast, targeted protein move-
ment requires an active mechanism that promotes
protein-plasmodesmata interactions and may depend on
the leaf developmental stage. Proteins move more ex-
tensively by a nonspecific mechanism than by a targeted
mechanism (Oparka et al., 1999).
The Helios Gene Gun is a hand held biolistic delivery
system, and is unlike the PDS1000/He system because
it does not utilize a vacuum chamber for plasmid bom-
bardment. In this study, experiments were conducted to
determine if the pattern of PVX protein cell-to-cell move-
ment would reflect nonspecific or targeted protein move-
ment using a different biolistic delivery system. Non-
transgenic and TGB100 N. tabacum leaves were bom-
barded with pRTL2-GFP, -GFP:12K, or -GFP:8K plasmids
using the Helios Gene Gun.
GFP moved extensively between adjacent cells in non-
transgenic or TGB100 sink leaves bombarded using the
Helios Gene Gun (Fig. 3). Fluorescent sites in source or
sink leaves expanded between 1 and 3 dpb to include
more than 30 cells (Tables 3 and 4). There were more
multiple cell clusters in sink leaves than in source
leaves. In nontransgenic or TGB100 sink leaves, 56–60%
of the sites viewed at 3 dpb were multiple cell clusters.
In nontransgenic or TGB100 source leaves viewed at 3
dpb, 10–12% of the sites were multiple cell clusters
(Tables 3 and 4).
The pattern of GFP:12K and GFP:8K protein accumu-
lation in nontransgenic and TGB100 leaves following
biolistic delivery using the Helios Gene Gun was similar
to the pattern observed in leaves bombarded with plas-
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mids using the PDS1000/He system. In TGB100 source
leaves, 22–23% of the sites containing GFP:12K, and
27–29% of the sites containing GFP:8K, were multiple cell
clusters (Table 3). Both GFP:12K and GFP:8K were more
often detected in two adjacent cells than in clusters of
three to four cells (Table 4). The proportions of cell
clusters containing GFP:12K or GFP:8K in TGB100 source
leaves did not increase between 1 and 3 dpb. In non-
transgenic source or sink leaves and in TGB100 sink
leaves, GFP:12K and GFP:8K were each detected primar-
ily in single cells (Tables 3 and 4).
The pattern of GFP:12K or GFP:8K movement in
TGB100 leaves resembles targeted protein movement.
Using either the Helios Gene Gun or PDS1000/He sys-
tem, GFP:12K or GFP:8K primarily accumulated in clus-
ters of two to four cells in TGB100 source leaves. In
TGB100 sink leaves, and in nontransgenic source or sink
leaves, GFP:12K and GFP:8K were each detected primar-
ily in single cells (Table 4).
Mutations in the PVX 12K, 8K, or CP genes effect
viral cell-to-cell movement differently
In previous studies, mutations in the PVX triple gene
block or CP genes within the PVX genome restricted
virus cell-to-cell movement in N. tabacum leaves (Spill-
ane et al., 1997; Verchot et al., 1998). Effects of these
mutations on virus cell-to-cell movement in N. benthami-
ana have not been tested previously. Therefore, mutant
PVX viruses were used to determine if mutations in the
12K, 8K, or CP genes would have different effects on
virus movement in these two hosts.
The pPVX.GFP infectious clone contains the PVX ge-
nome plus the GFP gene (Fig. 4A). The pPVX.GFP-12D
infectious clone encodes a deletion mutation within the
12K gene in the PVX genome (Verchot et al., 1998). The
pPVX.GFP-CP infectious clone has most of the CP gene
deleted (Spillane et al., 1997). The 12D and CP muta-
tions were shown previously to inhibit viral cell-to-cell
movement in N. tabacum leaves. The pPVX-GFP-8FS
infectious clone encodes a frame shift mutation within
the 8K gene that eliminates the 3 half of the 8K gene.
This 8K mutation has not been tested in previous studies
(Fig. 4A).
Infectious transcripts of PVX.GFP, -12D, -8FS, -CP
were inoculated to the N. tabacum and N. benthamiana
leaves to determine if these mutations have different
effects on virus movement. GFP expression was used to
monitor virus cell-to-cell movement for 14 days post in-
oculation (dpi). PVX.GFP moved systemically in N. taba-
cum and N. benthamiana plants within 7 to 10 dpi.
PVX.GFP-12D and -CP viruses were restricted to single
cells in N. tabacum and N. benthamiana leaves (Fig. 4A).
PVX.GFP-8FS virus moved slowly between adjacent
cells in N. benthamiana and N. tabacum leaves. By 4 dpi,
PVX.GFP-8FS viruses were detected in infection sites
that contained between 3 and 20 cells (Fig. 4B). By 10 dpi,
virus cell-to-cell movement was arrested (Fig. 4B). There
was no secondary spread of virus out of the infection foci
and no evidence of virus movement into the vasculature.
Plants were maintained for a maximum of 21 days, and
PVX.GFP-8FS viruses did not move systemically in either
Nicotiana spp. These data suggest that the 5 half of the
PVX 8K gene is sufficient for cell-to-cell movement of the
virus but the 3 half of the gene is required for successful
vascular transport in either host.
DISCUSSION
The requirements for PVX protein plasmodesmata
transport in N. benthamiana and N. tabacum leaves ap-
pear to be different (Fig. 5). In N. benthamiana leaves,
PVX 12K, 8K, and CP can move independently through
plasmodesmata. In N. tabacum leaves, PVX 25K pro-
motes cell-to-cell movement of 12K or 8K. We have not
yet identified a factor that promotes CP movement in N.
tabacum leaves. These data suggest that if cell-to-cell
TABLE 3
Cell-to-Cell Movement of GFP, GFP:12K, or GFP:8K Proteins in N.
tabacum Leaves Following Helios Gene Gun Plasmid Delivery
Plantsb
Proportion of sites containing GFP activity
in multiple cellsa
GFP GFP:12K GFP:8K
Source Leaves
Nontransgenic
1 dpb 2.6% (2/77)a 1.8% (2/112)a 4.5% (5/111)a
3 dpb 10.3 (18/175)a 4.4 (5/113)a 4.4 (4/91)a
TGB100
1 dpb 5.1 (6/118)b 22.4 (26/116)a 28.8 (38/132)a
3 dpb 11.7 (16/137)b 22.2 (24/108)a 27.6 (40/145)a
Sink Leaves
Nontransgenic
1 dpb 11.0 (33/300)a 3.9 (6/154)b 4.1 (5/121)b
3 dpb 60.4 (230/381)a 4.7 (7/150)b 4.0 (3/75)b
TGB100
1 dpb 10.1 (37/365)a 4.9 (6/123)a 5.2 (6/115)a
3 dpb 56.8 (193/340)a 4.7 (6/127)b 1.1 (1/93)b
a The percent of fluorescent cell clusters observed 1 and 3 dpb in
sink and source leaves is indicated. Total numbers of cell clusters
relative to total number of sites (single cells  cell clusters) containing
GFP, GFP:12K, or GFP:8K are in parentheses. Two to five source or sink
leaves of each nontransgenic or transgenic tobacco line were bom-
barded with each plasmid to obtain the numbers indicated. Multiple
comparisons were performed for nontransgenic and TGB100 leaves.
The values for nontransgenic source or TGB100 source leaves were
compared between plasmids at 1 or 3 dpb. Similarly, the values for
nontransgenic sink or TGB100 sink leaves were compared between
plasmids at 1 or at 3 dpb. The values followed by the same letter within
each row are not significantly different (P  0.05). Values at 3 dpb for
nontransgenic source versus sink leaves, or TGB100 source versus
sink leaves were compared and values indicated in bold were signif-
icantly different (P  0.05). When comparing nontransgenic with
TGB100 source leaves bombarded with pRTL2-GFP:12K or -GFP:8K, the
differences were always significant (P  0.05).
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movement of 12K, 8K, and CP is required for PVX move-
ment, then the virus has developed different mecha-
nisms to achieve protein movement in different hosts.
In previous studies of the potexvirus WClMV, cell-to-
cell movement of the WClMV 26K was enhanced by the
WClMV 13K and 7K in N. benthamiana leaves (Lough et
al., 1998). Cell-to-cell movement of viral RNA also oc-
curred in the presence of 26K and CP. Thus a model was
proposed for WClMV by Lough et al. (1998, 2000) which
suggests that in N. benthamiana leaves, a ribonucleo-
protein complex containing viral RNA, 26K, and CP
moves through plasmodesmata. The 13K and 7K proteins
are associated with this complex for efficient plasmod-
esmata transport of viral RNAs. In support of the Lough
et al. (1998) model, the results presented in this study
indicate that PVX 12K, 8K, and CP each have the capacity
to move through plasmodesma in N. benthamiana leaves
and it is possible that they each contribute directly to
transport viral RNAs between cells.
In N. tabacum leaves, cell-to-cell movement of PVX
proteins is more tightly regulated. Cell-to-cell movement
of GFP:12K or GFP:8K was observed only in 25K-express-
ing TGB100 tobacco leaves. Cell-to-cell movement of
GFP:CP was not observed in nontransgenic or trans-
genic N. tabacum leaves. In addition cell-to-cell move-
ment of GFP:12K or GFP:8K was observed in TGB100
source but not sink leaves. Either protein movement is
not important in sink leaves, or PVX has developed an
alternative (and as of yet undetermined) mechanism to
achieve protein cell-to-cell transport in these leaves.
Since these PVX proteins have different abilities to move
in different tissues, it is possible that PVX may utilize
different mechanisms to move from cell to cell in source
and in sink leaves. Thus, the host and leaf developmental
stage are important factors affecting cell-to-cell move-
ment of PVX 12K, 8K, or CP.
In a similar study the PVX 25K did not move cell-to-cell
in transgenic N. tabacum leaves that expressed CP or
the combined 12K/8K genes (Fig. 5). In TGB600 or CP
transgenic N. tabacum leaves, there was no evidence of
PVX 25K cell-to-cell movement (Yang et al., 2000). In
contrast, we observed GFP:12K or GFP:8K cell-to-cell
movement in 25K-expressing transgenic leaves. Thus
25K/12K or 25K/8K but not 25K/12K/8K or 25K/CP com-
plexes move between adjacent cells (Fig. 5). These data
suggest that there are different interactions among the
PVX proteins that regulate protein plasmodesmata trans-
port. Further experiments are needed to characterize
interactions occurring among the PVX proteins. Another
possibility is that in TGB600 or CP transgenic leaves,
12K/8K or CP (but not the individual PVX 12K or 8K)
accumulate inside plasmodesmata and thereby block
25K transport (Fig. 5).
PVX 12K and CP are essential for viral cell-to-cell
movement in both Nicotiana spp. Mutations deleting
large segments of the 12K or CP genes within the PVX
genome restricted virus movement in N. tabacum and N.
benthamiana leaves (Verchot et al., 1998). Surprisingly,
PVX.GFP-8FS virus moves between adjacent cells in N.
tabacum and N. benthamiana leaves. Cell-to-cell move-
ment of PVX.GFP-8FS was slow and virus did not spread
systemically in either Nicotiana spp. These data suggest
that the C-terminal half of the 8K protein may function to
enhance virus cell-to-cell movement and to promote vi-
rus vascular transport.
In a previous report, a mutation was introduced into
the 8K gene within the PVX genome, which eliminated
virus cell-to-cell movement (Verchot et al., 1998). That
mutation was named 8K6 and was a six-nucleotide
insertion mutation introduced at a location in the genome
that is approximately 20 nucleotides downstream of the
8FS mutation. The 8K6 mutation altered the translated
sequence within the C-terminal region and likely caused
either the entire protein to misfold or malfunction. In that
way, changes due to the 8K6 mutation may have also
eliminated activities associated with the N terminal half
of the 8K protein. The 8FS mutation in this study was a 2
nt insertion mutation that introduced a translation stop
codon and eliminated translation of the C terminal half
TABLE 4
Total Number of Single, Double, or Multiple Cell Clusters in N.
tabacum Leaves Following Helios Gene Gun Plasmid Delivery
Plasmids
Number single, double, or multiple cells
in nontransgenic and TGB100 leavesa
Nontransgenic TGB100
S D M S D M
Source Leaves
pRTL2-GFP:12K
1 dpb 110 2 0 90 19 7
3 dpb 108 5 0 84 15 9
pRTL2-GFP:8K
1 dpb 106 5 0 94 24 14
3 dpb 87 4 0 105 25 15
pRTL2-GFP
1 dpb 75 2 0 112 6 0
3 dpb 157 0 18 121 0 16
Sink Leaves
pRTL2-GFP:12K
1 dpb 148 6 0 117 6 0
3 dpb 143 7 0 121 6 0
pRTL2-GFP:8K
1 dpb 116 5 0 109 6 0
3 dpb 72 3 0 92 1 0
pRTL2-GFP
1 dpb 267 23 10 328 26 11
3 dpb 151 0 230 147 0 193
a The total numbers of sites containing GFP expression at 1 and 3
dpb in single (S) double (D) or multiple cells (M) are indicated. The data
presented here was obtained from the same experiments presented in
Table 3.
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FIG. 3. Images taken 3 dpb of tobacco sink leaves bombarded with pRTL2-GFP using the Helios Gene Gun and the PDS1000/He delivery systems
using a 10 objective lens. The scale bars indicate 100 m.
FIG. 4. Cell-to-cell movement of PVX.GFP mutant viruses. (A) Schematic representation of four pPVX.GFP infectious clones. Open boxes indicate
the PVX genes. The dark box represents the bacteriophage T7 promoter and the light gray box indicates the GFP gene. The names for the triple gene
block, GFP, and CP genes are indicated at the top. The black box in the pPVX.GFP-12D, -8FS, and CP plasmids indicate the region that was deleted
by the mutations. The proportion of plants in which viral cell-to-cell movement was observed is indicated on the right. (B) Representative examples
of infection foci observed in PVX.GFP and PVX.GFP-8FS inoculated N. benthamiana leaves at 4 and 10 dpi. Images were taken using a 10 objective
lens.
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of the protein. The 8FS mutation also caused a frame
shift in the sequence downstream of the stop codon.
Thus, the 8FS mutation would eliminate only activities
associated with the C terminal half of the protein and
likely had no effect on activities of the N-terminal region
of the 8K protein.
Evidence obtained using the Helios Gene Gun delivery
method indicates that cell-to-cell movement of GFP:12K
and GFP:8K is due to targeted movement and is not due
to diffusion of the protein through plasmodesmata. As in
experiments conducted using the PDS1000/He system,
cell-to-cell movement of GFP:12K or GFP:8K was depen-
dent on the PVX 25K. Neither GFP:12K nor GFP:8K moved
cell-to-cell in nontransgenic leaves following Helios
Gene Gun delivery. Cell-to-cell movement of GFP:12K
and GFP:8K was detected only in TGB100 source leaves.
Furthermore, the extent of GFP:12K and GFP:8K cell-to-
cell movement in TGB100 source leaves following bom-
bardment of plasmids using either the PDS1000/He sys-
tem and Helios Gene Gun was similar. Thus the extent of
protein movement between cells likely depends on in-
trinsic properties of the viral proteins and a specific
transport mechanism. Using the PDS1000/He system or
the Helios Gene Gun maximal cell-to-cell movement of
GFP:12K, GFP:8K was seen at 1 dpb. In Tables 2 and 4,
GFP:12K and GFP:8K proteins were detected more often
in two adjacent cells than in multiple cell clusters.
GFP moves extensively between cells in tobacco sink
but not source leaves following biolistic bombardment of
plasmids using the Helios Gene Gun (Fig. 3 and Table 4)
(Itaya et al., 2000). During a 3 day period GFP moved
through more than 30 cells in bombarded sink leaves.
This is in contrast to targeted movement of GFP:12K or
GFP:8K which required the 25K to mediate transport
through only a few adjacent cells. Movement of GFP in
sink leaves may be due to the delivery system and
to structural differences between plasmodesmata in
source and sink leaves. In sink leaves the simple plas-
modesmata are abundant and have a large basal size
exclusion limit that may allow nonspecific trafficking of
proteins between adjacent cells. In source leaves plas-
modesmata structure is more often branched and may
not permit nonspecific protein movement (Crawford and
Zambryski, 2000; Imlau et al., 1999; Itaya et al., 2000;
Oparka et al., 1999).
GFP has been frequently used as a visual marker to
study viral protein movement. GFP has been fused to the
PVX 25K, TMV P30, Tomato mosaic virus (ToMV) P30, or
CMV 3a movement protein genes and inserted into plas-
mids that were biolistically delivered into single tobacco
leaf epidermal cells (Atsushi and Meshi, 2001; Crawford
and Zambryski, 2000; Itaya et al., 1997, 1998; Yang et al.,
2000). Typically, protein cell-to-cell movement was ob-
served within the first 24 h using this delivery method.
The abilities of viral proteins to move GFP in trans have
also been studied. Plasmids expressing individual PVX
proteins were cobombarded with plasmids expressing
GFP (Tamai and Meshi, 2001). This experimental strategy
does not directly measure viral protein cell-to-cell move-
ment but does indicate whether the PVX proteins can
promote cell-to-cell movement of heterologous proteins.
In N. benthamiana leaves, PVX 12K but not 25K or 8K
could promote GFP cell-to-cell movement in trans. Thus,
based on data presented in this report and in the previ-
ous study by Tamai and Meshi (2001), the PVX triple gene
block proteins are themselves capable of cell-to-cell
movement in N. benthamiana leaves, but may differ in
their ability to promote cell-to-cell movement of heterol-
ogous proteins.
In summary, it seems that an inherent ability of PVX
12K, 8K, or CP to move cell-to-cell in N. benthamiana
leaves may be important for PVX movement. However,
the inherent inability of these proteins to move cell-to-
cell in N. tabacum leaves has no effect on PVX move-
ment. That is not to say that cell-to-cell movement of
PVX12K or 8K is not important, because of the evidence
indicating that PVX may utilize 25K to facilitate 12K or 8K
movement in N. tabacum leaves. However, it does indi-
cate that in N. tabacum leaves 12K, 8K, or CP do not
function to induce plasmodesmata gating or move them-
selves from cell-to-cell. Thus it is likely that these pro-
FIG. 5. Models describing PVX protein cell-to-cell movement in N.
benthamiana and N. tabacum leaves. (A) PVX 12K, 8K, and CP can
move independently through plasmodesmata in N. benthamiana
leaves. (B) In N. tabacum leaves PVX 25K moves cell-to-cell (Yang et al.,
2000) and facilitates cell-to-cell movement of PVX 12K or 8K. Cell-to-cell
movement of PVX 25K is inhibited in transgenic leaves expressing the
PVX 12K/8K or CP (Yang et al., 2000).
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teins provide other activities essential to virus cell-to-cell
movement. In addition, cell-to-cell movement of the
PVX.GFP-8FS mutant virus suggests that the C-terminal
half of the 8K protein is not essential for viral cell-to-cell
movement but is required for viral vascular transport.
MATERIALS AND METHODS
Bacterial strains and plasmids
All plasmids were constructed and used to transform
Escherichia coli strain JM109 (Sambrook et al., 1989). In
all constructs the GFP gene was the EGFP gene ob-
tained from Clontech (Palo Alto, CA). Four constructs,
pRTL2-GFP:12K, -GFP:8K and -GFP:CP, contain GFP
fused to the 5 ends of the PVX 25K, 12K, or 8K genes.
The pRTL2 plasmid (Carrington and Freed, 1990) con-
tains the CaMV 35S promoter and the Tobacco etch virus
(TEV) translational enhancer element. GFP:12K, GFP:8K,
and GFP:CP translational fusions were prepared using a
two-step PCR procedure, known as “overlap PCR.” In the
case of GFP:12K, or GFP:8K, GFP was PCR amplified,
using a 5 primer (5 GFP) that contains an additional
NcoI restriction site. The 3 GFP primer contains an
additional 15 nts overlapping the 5 end of either the PVX
12K, or 8K genes. Next, the 12K and 8K genes were each
PCR amplified using 5 primers (12K5 and 8K5), which
contain additional 15 nts overlapping the 3 end of GFP.
Each 3 primer (12K3 and 8K3) contains additional
BamHI restriction sites. In the final step GFP and 12K, or
GFP and 8K PCR products were annealed to each other.
The GFP5 primer and either the 12K3, or 8K3 primers
were used to PCR amplify GFP:12K or GFP:8K. The
GFP:CP fusion resembles the GFP:2A:CP fusion con-
tained in the pTXS.GFP-CP plasmid, which was provided
by Dr. Simon Santa Cruz (Horticulture International,
Wellesbourne, UK) (Santa Cruz et al., 1996). The GFP:12K,
GFP:8K, and GFP:CP PCR products were digested with
NcoI and BamHI. The plasmid pRTL2 was similarly di-
gested. Linearized vector and digested PCR products
were ligated.
The pRTL2-GFP and pRTL2-MP3a:GFP plasmids were
provided by Dr. Biao Ding, (Ohio State University, Colum-
bus, OH). The pRTL2-MP3a:GFP plasmid contains the
CMV 3a movement protein fused to the EGFP gene. The
pPVX.GFP, pPVX.GFP-12D, pPVX.GFP-8FS, and pPVX.
GFPCP were T7 transcription plasmids obtained from
Dr. David Baulcombe (Sainsbury Laboratory, Norwich,
UK). The 12D mutation lacks the coding sequence for the
entire 12K ORF between nt position 5170 to 5423 (Verchot
et al., 1998). The CP mutation lacks most of the coat
protein gene up to nt position 6302, near the 3 end of the
ORF (Spillane et al., 1997; Verchot et al., 1998). The
pPVX.GFP-8FS has two nts inserted at position 5520
within the viral genome. A TGT codon is changed to a
TAA codon that is a translation termination signal. This
mutation also causes a frame shift halfway through the
8K ORF.
Plant material
N. benthamiana and N. tabacum (cv. Petit Havana)
plants were used in this study. The transgenic N. taba-
cum lines TGB100, TGB200, TGB300, TGB600, and CP
were described previously (Spillane et al., 1997; Verchot
et al., 1998; Yang et al., 2000).
Biolistic bombardment of detached and intact
tobacco leaves
To identify source and sink tobacco leaves, a mature
leaf was excised above the petiole. CF dye (Sigma, St.
Louis, MO, USA) was applied to the petiole and its direct
movement through the plant was monitored by epifluo-
rescence microscopy. Source leaves do not accumulate
dye. Source and sink leaves of similar plants were bom-
barded.
Two methods of biolistic DNA delivery were used.
First, tobacco leaves were detached and placed in a
petri dish on wet filter paper and the lower epidermis
was bombarded using the PDS1000/He system (Biorad,
Hercules, CA, USA) at a pressure of 1100 kPa with 23 Hg
vacuum in the chamber. Ten micrograms of plasmid DNA
was combined with 1 mg of 1 m gold particles, as
described previously (Yang et al., 2000). Ten micro liters
of the DNA/gold mixture was used per bombardment of
detached leaves. Second, the Helios Gene Gun (Biorad)
was used to bombard intact leaves of tobacco plants at
a pressure of 180 kPa. Each gene delivery cartridge was
loaded with a mixture of 0.5 mg gold particles and 2.5 g
plasmid DNA using a Tubing Prep Station according to
the manufacture instructions (Biorad). Gold-coated tub-
ing was cut into 0.5 inch pieces to make the gene
delivery cartridges, and then used for bombardment.
Leaves were detached from the plants at 1 and 3 dpb for
observation.
In vitro transcription and plant inoculations
Transcripts were prepared from the pPVX.GFP,
pPVX.GFP-12D, pPVX.GFP-8FS, and pPVX.GFP-CP plas-
mids as described previously (Baulcombe et al., 1995).
Ten micro liters of transcripts and carborundum were
used to rub inoculate two tobacco leaves (Baulcombe et
al., 1995). GFP expression was monitored using a hand
held UV lamp and using an epifluorescence microscope
(Baulcombe et al., 1995).
Microscopy
A Nikon E600 epifluorescence microscope with a blue
excitation filter (420–490 nm) (Nikon Corp. Tokyo, Japan)
was used to visualize GFP expression in tobacco leaves.
The Optronics Magnafire camera was used (Intelligent
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Imaging Innovations, Inc., Denver, CO). Images were
processed using Image Pro (Intelligent Imaging Innova-
tions, Inc.) and Adobe Photoshop (Adobe Systems Inc.,
San Jose, California, USA) software.
Statistical analyses
All data analysis was conducted using procedures
from SAS (Cary, NC) and a significance level of 0.05 was
used for all mean comparisons. Statistical analysis (Ta-
bles 1, 3, and 5) comparing the effects of plasmids, dpb,
and leaves were assessed by chi-square tests using
PROC FREQ. Each factor’s simple effects were analyzed
by fixing the other factors.
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